The composition and application of a single, chemically defined medium for growth and sporulation of Bacillus subtilis is described. At 37°C cells grew with a doubling time of about 40 min; cultures attained nearmaximal spore formation (70 to 80% by 12 h after the end of exponential growth and produced 1 x 109 to 2 x 109 heat-resistent free spores at 24 h. Dipicolinic acid production was completed between 7 and 11 h. Cells grown in the single, chemically defined medium excreted levels of serine and neutral proteases comparable to those excreted in nutrient broth medium.
A single, chemically defined medium which would allow both rapid growth and synchronous, high-percentage sporulation of Bacillus subtilis would be useful in certain metabolic studies; studying of nutritional auxotrophs, labeling of cellular components with radioisotopes, and determining the effects of metabolites on cellular metabolism might all be more definitively done with a fully defined medium. The medium most widely used for studying sporulation in B. subtilis is the supplemented nutrient broth of Hanson et al. (10) ; however, it is not possible to answer certain questions using complex medium. For example, one cannot easily determine in such a medium whether amino acids, peptides, or proteins induce or repress production of proteases.
Donnellan et al. (6) developed the first single, synthetic medium for B. subtilis but reported maximal spore yields after 4 days; Mandelstam and Waites (12) have used this synthetic medium (omitting glucose) as a resuspension medium and have reported that cells resuspended in it sporulate to a high degree within 8 h. It has also been used to prepare spores (4) , but little further description of this medium has appeared.
A semidefined medium which has been widely used is that devised by Sterlini and Mandelstam (17) ; cells are grown in a medium containing casein hydrolysate and transferred to a medium containing glutamate and salts to achieve sporulation. Using this medium, Doering and Bott (5) found that a tryptophan auxotroph of B. subtilis would not sporulate when placed in resuspension medium which lacked tryptophan. On the other hand, they found that a leucine auxotroph required no leucine in the resuspension medium to achieve normal levels of sporulation. These results raised the possibility that the Casamino Acids present in the growth medium might be affecting metabolic pathways essential for sporulation.
Ramaley and Burden (13) Freese et al. (7) reported that a series of purine auxotrophs of B. subtilis grew and sporulated well in a chemically defined, morpholinepropanesulfonic acid (MOPS)-buffered medium, S-6, containing 0.2% glucose. We began the studies reported here by using MOPS-buffered S-7 medium (18) supplemented with 50 pg/ml each of the L-forms of the amino acids glutamate, tryptophan, isoleucine, leucine, methionine, arginine, proline, threonine, lysine, and phenylalanine. We systematically varied the levels of MOPS, glutamate, lactate, combinations of amino acids, sodium bicarbonate, ammonium sulfate, trace metals, pH, and the methods of inoculation to try to find the simplest medium and conditions which would give good growth, fairly synchronous sporulation, and high yields of spores. Ruppen and Switzer (14) have used a MOPS-buffered medium supplemented with 0.1% Casamino Acids to study the stringent response in B. subtilis, but they have not reported the ability of this medium to support sporulation. Figure 1 shows growth and sporulation of B. subtilis 168 (trp) under the best conditions found to date; this defined sporulation medium is referred to hereafter as CDSM. Good sporulation could also be obtained when either glutamate or lactate was omitted, but our standard strain underwent less lysis and less clumping when both were present. For example, cultures of cells grown in 5 mM L-lactate in the absence of L-glutamate underwent a 36% decline in turbidity at 5 h compared with the turbidity at maximal growth. The kinetics of appearance of dipicolinic acid of cells growing in CDSM (Fig. 1) were closely similar to that previously Growth, sporulation, and acid production of B. subtilis 168 (trp) in CDSM. Colonies were maintained on gelatin plates as previously described (9) . An inoculum was made by transferring a single colony into 50 ml of CDSM in a 300-ml triple-baffled sidearm flask (Belico Glass, Inc., Vineland, N.J.) which was shaken at 220 rpm in a G-25 incubator shaker (New Brunswick Scientific Co., New Brunswick, N.J.) at 37°C until turbidity reached 50 to 200 Klett units, usually in 10 to 12 h. Turbidity was measured on a Klett-Summerson colorimeter fitted with a no. 66 filter (Klett Manufacturing, New York, N.Y.). Cultures were inoculated by transferring a 2 to 5% (vol/vol) inoculum, depending on its turbidity, to 70 ml of prewarmed CDSM in a 300-ml triple-baffled flask and continuing growth under the same conditions as described above for the inoculum. CDSM was made by combining appropriate volumes of stock solutions, each adjusted to immediately before inoculation, to all other components which had been autoclaved together. Amino acids were added before autoclaving by weighing out appropriate amounts of solid forms. Spore counts were made by heating 100x dilutions of culture medium in minimal salts medium at 70°C for 30 min and plating appropriate dilutions on gelatin-agar plates (9) . Numbers in parentheses are percentages of spores based on viable cell estimations made from dilutions of unheated culture samples taken at the same time. Measurements of pH were taken on 1-ml clarified samples of culture broth with a combination glass electrode and an Orion model 811 pH meter (Orion Research, Inc., Cambridge, Mass.). Dipicolinic acid (DPA) was measured in autoclaved cell suspensions by the spectrophotometric method of Janssen et al. (11) . Data points are averages of four determinations.
reported (3) for B. subtilis growing in Bacto-Peptone medium. No further increases occurred after 11 h, which suggests that the sporulation process is highly synchronous. Spores were also released quite efficiently from the cells; at 15, 20 , and 30 h the free spores comprised 50, 85, and 95% respectively, of the total refractile bodies observed with a phase-contrast microscope. Once spores had formed in CDSM, they did not appear to germinate even when shaking in the same medium was continued for 79 h. The pH changes in CDSM were similar to those seen in nutrient broth medium (4) .
We repeatedly observed a plateau in heat-resistant spore counts between 10 and 13 h, followed by an increase in spore counts. We believe, from microscopic observations, that the delayed increase in spores (after 14 h) is due to the breaking up of chains of cells. That is, the earlier counts (10 to 13 h) are probably underestimations of the true number of spores because chains of cells containing more than one spore are only giving rise to a single colony. In some experiments, we observed a decline in turbidity between 3 and 6 h which was confirmed to be lysis by microscopic observations and by the corresponding decline in the viable cell count observed in these cultures. Declines in turbidity appeared to be caused by removing cultures from the growth chamber for excessive periods of time; minimizing sampling times greatly reduced or eliminated this problem ( Fig. 1; see Fig. 3 ).
The consumption of the three carbon sources by B. subtilis 168 cells during growth and sporulation in CDSM was monitored (Fig. 2) . Using a defined growth medium containing 0.7 mM L-glutamate and 5.6 mM D-glucose, Bernlohr and Switzer (1) found a simultaneous disappearance of the two from the medium, with the apparent consumption of D-glucose (on a micromole per milliliter basis) being only about twice as fast as that of L-glutamate. They too observed a net production of L-glutamate, but only during the stationary phase. Increase in pH correlated with the consumption of lactic and glutamic acids between 6 and 9 h of growth (Fig. 2) , but the initial decline in pH did not subtilis 168. Growth in CDSM and measurements of turbidity and pH were carried out as described in the legend to Fig. 1 correlate with increases in glutamic and lactic acid. The latter suggests that other acids must be released during the fall in pH. Finally, we measured production of cell dry matter and extracellular proteases by B. subtilis 168 during growth and sporulation in CDSM (Fig. 3) . In this study, no decline in cell dry matter occurred between 3 and 6 h. When the data in Fig. 3 were compared with data for the same strain grown in nutrient broth (9), we found that at 8 h the cells grown in CDSM produced 90% as much serine protease per cell (1.9 units of absorbance at 335 nm per h per ml of culture per 100 Klett units) as those grown in supplemented nutrient broth. Furthermore, the kinetics of serine protease production and the amounts of neutral protease excreted by cells were very similar in the two media (9) . We conclude that the complex mixture of amino acids, peptides, and proteins present in nutrient broth is not required in the growth medium for substantial excretion of the two major extracellular proteases of B. subtilis. In contrast, Vasantha and Freese (18) found that when B. subtilis cells were induced to sporulate in a defined medium by the addition of decoyinine (a GMP synthetase inhibitor), the cells produced only about 6% as much total extracellular protease (serine plus neutral protease) per cell at 8 h as they did when they sporulated in a supplemented nutrient broth. The decoyinine-treated cells, however, sporulated in the presence of excess glucose, which may repress protease synthesis (8) .
CDSM should be useful for studying metabolism during sporulation in cases in which radiotracers are required. Preliminary studies on protein degradation of B. subtilis cells sporulating in CDSM have shown that the rates of degradation of proteins labeled with ['4C ]leucine are at least as high as those found in cells sporulating in nutrient broth (16) . Filters and cells were dried at 100°C to constant weight. Weights were determined on a Mettler M5 microgramn balance. Protease assays were performed with azocasein as a substrate as previously described (9) . The neutral protease was that portion of total activity insensitive to phenylmethylsulfonyl fluoride, whereas the serine protease was that insensitive to EDTA. 
